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OXYGEN DETERMINATION AND STOICHIOMETRY OF SOME COALS
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INTRODUCTION

Chemical coal analysis is divided into two categories -- the Proximate and
the Ultimate. In the Proximate Analysis one determines and reports "Moisture",
"Ash", "Volatile Matter", and "Fixed Carbon". In the Ultimate coal analysis one
actually determines the concentration of hydrogen, carbon, nitrogen and sulfur,
reports in weight percent and estimates a quantity called "Oxygen by Difference"
by subtracting the sum of the above elements plus the "Ash" from hundred. (1,2,

i)

In addition, (1,2,3) the coal chemist distinguishes and attempts to deter-
mine three types of sulfur in coal (the sulfate sulfur, the pyrite sulfur, and
the organic sulfur), and also tries to determine, or, at least, estimate, the
Mineral Matter as originally present in coal. Chlorine, as well as several
trace elements, especially those that can affect the environment (Hg, Cd, Pb,
As, Se, In, etc.) are often also sought.

When we examine the nature of coal analysis reporting, we notice that in the
Proximate category only the term "Moisture" may be equated with a chemically de-
fined composition, namely, that of water. However, should this "Moisture® con-
tain hydrocarbons or nitrogen volatilized at the drying temperature, then a
simple weight loss method would not be sufficient to give chemically meaningful
values. Thus we must describe and treat this "Moisture" (when so determined)
as "weight loss" after drying in an oven at a given temperature for a certain time.

The quantity called "Ash" or "High Temperature Ash" (HTA) constitutes the
total weight of incombustible residue derived from the inorganic mineral matter
through dehydration, decomposition, oxidation and alteration caused by high tem-
perature (~900°C) ignition of the coal in air. It is then a mixture of a hetero-
geneous character and is of an indeterminate and varying composition which is in
some way related to the original bulk of minerals in coal. Subtracting the Total
Ash in the Ultimate Coal Analysis in order to estimate the “Oxygen by Difference”
introduces, therefore, indeterminate errors into otherwise stoichiometrically
quite acceptable procedure of subtracting a sum of determined major elements from
hundred in order to estimate the completeness of the analysis and assuming that
the difference should be oxygen. One should also bear in mind that any method
based on calculation by difference results in reflection of all errors in such a
value.

From the standpoint of oxygen stoichiometry, the other two quantities of the
Proximate Coal Analysis -- the "Volatile Matter" and the "Fixed Carbon" are of
1ittle importance because the first gives the bulk volatilized matter minus
"Moisture"; the second is derived by subtracting the sum of the other three quan-
tities ("Moisture" + "Ash" + "Volatile Matter") from hundred.

In order to attempt to quantitize the coal analysis further, we need thus a
direct determination of oxygen, and once we have data for total oxygen, we must
attempt to restructure the recalculation of coal analysis into a stoichiometrical-
1y more meaningful form. When this is done, the Material Balances of coal anal-
yses should become more meaningful to the chemist and the engineer. The inade-
quacies of the chemical coal analysis recalculations and of the attempts to derive
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from these stoichiometric data, as well as the need for a direct oxygen deter-
mination have been long recognized. We quote W. H. Ode of the U. S. Bureau of
Mines (1963)(6): "The disadvantage of such an indirect method is that all of the
errors of the other determinations are placed on the oxygen, and a Material Bal-
ance (emphasis ours) cannot be obtained to aid in checking the accuracy of the
UTtimate Analysis".

Once a direct determination of oxygen is made, the coal analyst has to
reconsider the standardized methods (3,4) of reporting and calculation of coal
analysis. For example, the comparison of "oxygen determined" to "oxygen calcu-
lated by difference", using the standard methods, can be meaningless as Given
(1975) has rightly pointed out (p. 9)(5) referring to the work of Hamrin, et al
(1975) who have used a fast-neutron activation method similar, but not identical
to ours to determine oxygen in Kentucky No. 9 coal (7). (See work by James, et
al (1976)(16), Chyi, et al (18) and Block and Dams (17)).

We have suggested in 1974(8) the use of the ultra accurate fast-neutron acti-
vation method in coal analysis. Such method was first developed by Volborth and
Banta in 1963 (9) for the analysis of rocks, Tunar samples, and industrial materi-
als (10,11,12). We have further perfected and adapted this method to the analysis
of coal ash (13), coal (14), and the computerized recalculation of Material Bal-
ances (15) of six subbituminous Wyoming coals. This paper discusses specific
problems we have encountered and presents new data on a wide variety of coals sub-
mitted by the Pennsylvania State University (Dr. Alan Davis) from the well charac-
terized collection from an ERDA supported, computerized data bank {5) and some
by the I1linois State Geological Survey (Dr. Harold J. Gluskoter and Dr. Rodney
R. Ruch). We also utilize the data on the subbituminous coals from Wyoming (15)
described earlier.

EXPERIMENTAL

The method used has been described in detail elsewhere (8,9,10,11,12,14).
It consists of 20 seconds irradiation and 20 seconds counting of two samples,
a standard and the unknown, simultaneously. A special feature of our system is
the alternate switching of samples into opposite transfer channels to correct for
electronic drift and bias. The nuclear reaction '°0(n,p)'®N and counting of the
resulting 6.1 and 7.1 MeV gammas with a half 1ife of 7.3 seconds are used. The
coal samples are packed into plastic containers (rabbits) and are sealed. Mois-
ture at 1059C is determined on all samples, and the addition or loss of weight
occurring while the samples are being packed is also determined by keeping a
small sample exposed to ambient conditions for the duration of exposure. Some
dried coal powders are very hygroscopic, gaining from 0.2 to .6% in weight dur-
ing the 10 to 15 minutes of the packing procedure. Oxygen is determined on ho-
mogenized just opened "as received" samples on which moisture is determined in
our laboratory at the time of packing. Oxygen is also determined on the dried
samples (105°C). The precision of this method is +0.2% {(absolute) or better.
A simple computer program computes the oxygen percentage in "as received” and
in dried samples taking the determined moisture as H,0 into account. These data
are input into a larger computer program which uses also data provided by the
laboratory submitting the samples. These include the data of the Proximate and
the Ultimate Coal Analysis. This program recalculates, using the ASTM Standard
formulas (1,2,3), the coal analyses data based on our "Moisture", and gives the
corresponding data on "Dry" and "Dry-Ash-Free" (DAF) basis. The result is four
columns of analytical data on a coal sample, including the source data recalcu-
lated to our Moisture basis (See Table 1). The printout includes "Oxygen by
Difference" calculated in each column and Oxygen Determined on "As Received"
sample as well as on sample dried at 105°C. The determined oxygen is recalcu-
lated based on the total coal analysis data so that it can be compared in each

c01$mn with the corresponding oxygen based on other methods of reporting of coal
analyses.
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The experiment is so designed as to permit the chemist to detect and
estimate the minimum extent of oxidation of the coal in air during the Moisture
determination at 1059C. This is done by comparison of determined versus back-
calculated data on both samples in "As Received" and "Dry" columns.

Assuming that no other losses than water and no oxidation occur, the deter-
mined oxygen in the "Dry" column should closely correspond to the calculated based
on oxygen determined in the "As Received" sample. If the oxygen in the mineral
matter or, if unavailable, of the ash has been also determined or estimated pro-
perly and the analyses of C, H, S, N and Cl are accurate, a good sum should then
be an indication of completeness of such a coal analysis. Higher oxygen determined
in dry sample than that calculated based on "As Received" column should indicate
oxidation or evolution of non-oxygen bearing gses (retention of more oxygen than
was assumed). These processes could also balance out so that while no apparent
weight loss occurs, oxidation and evolution of N,, CO,, CH,, C,H, etc. has taken
place. The correctness of the assumption that all moisture is water can thus be
checked only approximately for each coal as analyzed. It must be understood that
oxidation of coal parallel with a water loss would tend to result in too low values
for "Moisture" and depletion of the system of that quantity of hydrogen associated
with H,0. Low reporting of "Moisture" does also result in too high calculated
values for C, H, S, and N, and, therefore, in too low "Oxygen by Difference" values
causing too high summations if oxygen content is determined independently. A1l of
these effects have a tendency to increase the oxygen content in the dried coal.
Thus in most coals, one would expect an increase in determined oxygen in oven dried
samples.

Decreases of oxygen content in dried coal (after the weight loss has been
accounted for as water) could be due to removal of surface oxygen and replacement
of it by nitrogen or coal-derived methane, for exampte. This effect should be
mostly negligible, especially since most coal would tendto oxidize at least some-
what during heating in air, masking this phenomenon. .

RESULTS AND CONCLUSIONS

Thirty-three coals ranging in rank from Lignite to Bituminous coals and in-
cluding subbituminous, high volatile, medium volatile and low volatile bituminous
coals wereanalyzed and their analyses recalculated in the manner described above.

To illustrate the behaviour of these coals upon drying, the deviations between
oxygen in "Dried" versus "As Received" samples were plotted in Figure 1.

Compared on DAF basis, seventeen (17) of these coals show oxygen content
higher when determined in the oven dried coal (105°C) than that recalculated to
this basis from oxygen determined on "As Received" (by us) coal. In twelve (12)
coals no change within the precision limits of *0.3% absolute could be observed
and in four (4) coals oxygen contents lower than the precision 1imit were detected.
Thus only about 12% of all coals analyzed showed effects of some process that may
be called reduction, whereas 52% of all coals analyzed showed detectable oxidation
and about 36% showed insignificant changes undectable by our method. This confirms
the predicted behaviour in the last paragraphs of the previous chapter. Oxygen
loss in the dried coal at 105°C is unlikely because most of the processes that can
occur concurrently would tend to oxidize or increase the oxygen content if the
gases evolved do not contain or contain less oxygen than the water as assumed.

Only molecular oxygen if driven off the surface would cause a decrease of overall
oxygen in the dried coal. It is clear that there is a positive bias in this com-
parison as seen in Figure 1 and that it is not dependent on the rank of coal.

A typical recalculation of two coal analyses derived from computer printouts
is given in Table 1. The first analysis is of a High Volatile A Bituminous Coal
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from the Tioga Seam, Tioga No. 1 Mine, Nicholas County, West Virginia (PSOC-121).
l In this analysis the moisture determined in our laboratory (1.29%) is within .2%
(- of the moisture reported (1.52%) in the Source Data (Pennstate University), the
Ash is low (2.52%) and most of the sulfur is organic. Both these factors assure
that the errors due to the fact that ash is not mineral matter will be small.
Indeed, this analysis balances well, the oxygen based on direct determination in
.’ coal "As Received” by us as well as oxygen determined on dried coal at 105°C cor-
responds closely. Thus we can say that this coal does not oxidize perceptibly
during drying in air and that the moisture is probably all water (H,0). Having
not analyzed the ash, we estimate that it contained 46% oxygen, as shown by us
. (13) for U.S. coals and by Block and Dams (17) for some European coals. Thus it
o must contain 54% cations including sulfur and chlorine, and we add this amount
to the summations which are first derived by adding the determined C, H, N, S,
‘ and total 0% (determined by FNAA). The good second summation shows that in this
. coal our assumptions and approximations were justified.

The second compilation is of a Lignite from the Darco Mine, Harrison County,
Texas, PSOC-140. Determined moisture (33.96%) compares closely with that report-
| ed by Pennstate (33.39%). The oxygen determined in the dried coal (105°C), however,
.( is 1.05% (absolute) higher than would be expected based on recalculated oxygen
k based on oxygen determined in the "As Received" coal. This indicates considerable
oxidation and possibly evolution of gases containing less oxygen than water. This
. coal contains relatively little pyrite sulfur (.21%) and only 6.2% ash, so that
l the estimated 54% cations plus sulfur plus chlorine may be used to approximately
i balance the analysis when the determined oxygen values are summed up in the DAF
column. Since we know that this coal has oxidized by addition of approximately
1.05% 0 (absolute), we can assume that the "Moisture" loss should have been report-
- ed higher by at least that amount. Assuming that all other determinations were
‘l done correctly, the use of the too Tow Moisture value would result especially in
proportionally too high calculated value for C, H, N, and S, and thus too low
values for 0 by Difference, which seems to be the case. This can be seen by
comparison with the determined oxygen in "as received” coal calculated to DAF
l basis. When this oxygen value is used in the summation, one may approximately
estimate whether the state of the complete coal analysis as reported is satisfac-
tory. In this case, a bulk error of roughly about 3% is indicated. It can be
due to a combination of interrelated factors, which can be a cause for erroneous
moisture determination, each to a different degree. These are: a) oxidation dur-
. ing moisture determination; b) evolution of gases other than H,0 containing none
or less oxygen than water (N,, CO, CO,, CH,, C,H,, etc.); c) calculation errors
based on faulty moisture determination which may cause a dilution effect especial-
o 1y on the major components, such as the carbon value, for example; d) analytical
l, errors and bias; e) the fact that ash is not mineral matter and that pyrite sul-
f fur should be counted as pyrite, FeS,, as Given has pointed out {5)(pp. 31-33).

The treatment of the coal analyses described above raises several critical
' questions, of which only the most important can be discussed here. A few assump-
f tions have been made above which strictly speaking are nottrue, and once one
attempts to quantitize the coal analysis, then why not proceed logically by re-
moving all approximations and report on a stoichiometric basis? ’

l It turns out that this cannot be done in one step without demolishing a
century-o1d convention due to the complex nature of computations of the classical
coal analysis. The basic reason for the way a coal analysis is computed today is
the variable nature of the coal substance and the inability of the coal chemist
to procure a rapid and inexpensive oxygen analysis within the Ultimate Analysis
Family. This situation has resulted in efforts to somehow bypass this dearth of
information and turn out computations which would approximate the true chemical
stoichiometric balances in the composition of coal as closely as possible. In
short, the coal chemist has accepted the value for "Ash" as representative of the
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mineral matter in the "As Received", the "Dry" and the derivation of the "DAF"
columns. Also, in the calculation of the "Oxygen by Difference", the whole Ash

is customarily deducted from hundred. Obviously, by definition, one cannot

equate this gquantity with oxygen determined directly and a quick comparison in
Table 2 shows that such correlation can lead to gross errors and misunderstanding.
Nevertheless, inadvertently such comparisons are often made especially in industry.
This is presently the rule, and worse, when “Oxygen by Difference" is used to plot
such ratios as H/C versus 0/C (19,20) where by implication and the use of the
chemical symbol, a very misleading picture is given.

In Table 2 we have compiled "Oxygen by Difference" data as reported by the
U.S. Bureau of Mines on "As Received" basis (first column) with oxygen determined
by FNAA on samples as received by us and back-calculated based on our moisture
data {second column) with oxygen by difference calculated in our computer program
assuming that the ash contained 46% O (third column) and subtracting only the
oxygen of the ash. While comparison of the conventional "Oxygen by Difference"
with oxygen determined makes little sense, this column shows improvement in terms
of comparison of oxygen by difference so calculated with the determined oxygen.
We seem to be thus on the right path, and able to see whether the overall assump-
tions were correct.

The ash portion of coals varies from a few percent to about 20 percent and
more. To correct for the inadequacy of reporting and subtracting as such, Parr
in 1932 (21) has proposed to estimate the Mineral Matter by the formula: % Mineral
Matter = 1.08 x % Ash in Coal + 0.55% Sulfur in coal, where the factor 1.08 is the
empirically derived value for water of hydration of the minerals usually found in
ash.

Based on similar consideration, King, et al in 1936 (22) have derived a more
accurate Mineral Matter (MM) calculation formula: % MM = 1.09 x % Ash + 0.5 x %
Pyritic S in Coal + 0.8 €O, in Coal - 1.1 x % SO; in Ash + % SO, in Coal + 0.5
x % C1 in Coal. .

These formulas have been derived from accurate stoichiometric relations con-
sidering decomposition of hydrated minerals, oxidation and formation of Fe,0;from
FeS,, etc. The stoichiometry and accuracy of Mineral Matter Evaluation can be
further improved by reconstituting the main minerals based on the analysis of ash.
These are kaolinite, Al1,0;-25i0,-2H,0, and pyrite, FeS,, as shown by Rees (2).

The fourth column of Table 2 compares the ash contents of the coals. In our
stepwise approach to the stoichiometric interpretation of coal analysis, we have
found improvement if we estimate the composition of the ash. Obviously this is
only an approximation and, as pointed out by Given (5), one should better use the
DAF column where the influence of the mineral matter content, sulfur, and ash is
further minimized. One could assume according to Parr (21) that mineral matter
contains about 8% H,0, or 9% according to King, et al (22), in which case our cai-
culated oxygen by difference should become somewhat lower because oxygen of the
water of hydration in the mineral matter should also be subtracted. Indeed, in
all our cases, we obtained a better agreement with determined oxygen if this is
done. A1l of these coals have a relatively low ash content, but nevertheless,
the overall effect is about .5% less Oxygen. Taking sulfur in ash into account
should further improve the agreement. Thus in many coals one may need only a
recalculation of ash according to the mineral matter formulas to check stoichiometry
and balance the summations. Oxygen determination gives us thus important informa-
tion in characterizing coals. It may help to point out rapidly any unusual mineral
composition or oxidative behaviour. Coals, where oxygen by difference value
calculated by subtracting not the whole ash but only the corresponding quantity
of oxygen calculated by the Parr formula agrees closely with oxygen determined,
where summations balance out, may be regarded as sufficiently characterized. In
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pyrite-sulfur-rich coals and coals with carbonates or unusual components, the
more complex formula by King, et al (22) may be used. Where neither of these
formulas produce a good balance, more detailed chemical work is indicated. As
pointed out by us before, oxygen analysis in coal ash characterizes also the
mineral matter and gives useful information on the total of all other constitu-
ents including S, C1, etc., in ash (13).

Considerable effort has thus been spent to interpret the ash and from it
the mineral matter portion of coal. One may ask why spend so much effort to
evaluate a relatively minor segment of coal analysis in order to achieve stoi-
chiometry as long as a major constituent -- oxygen -- remains undetermined.
Obviously the coal chemists have done everything in order to approach true
stoichiometry and be able to interpret the chemistry of coal and report the anal-
yses in as balanced a, form as possible.

We propose, therefore, that adding direct oxygen determination to coal analysis
as we have done, and furthermore, determining the oxygen content in ash should
bring us closer to the true stoichiometric interpretation of coal analysis. From
the computer printouts of the 33 coals we have analyzed for oxygen, we can see that
a single oxygen determination in a coal "As Received" quite accurately characterizes
the coal as to rank, and that once the normal carbon to oxygen ratios are establish-
ed for a wide variety of coals, major deviations, due to high pyrite-sulfur content
or unusual mineralogy can be easily spotted (see Figure2). This plot was obtained
from the 33 recalculated coal analyses. j

We distinguish stages or steps of progressively more correct approach to
stoichiometric quantitation and recalculation of coal analysis. The first step
is to analyze the "As Received" and "Oven Dried" coal at 105°C for oxygen and to
estimate the oxygen in Ash based on former work (13,17), which shows that in a
great variety of normal coals, oxygen in ash varies between 44 and 48 weight per-
cent. In 29 calculated analyses out of a total of 33 plotted, this assumption is
indeed meaningful. Reasonably good summations and.balances are so obtained {see
Figure.1l and Table 3), except for coals with 2 to 8% S.

Secondly, When an actual oxygen analysis on ash corresponding to the coal
analyzed is performed, the data should balance somewhat better. Any unusual devi-
ations in the oxygen content of the high temperatue ash would then be a signal
necessitating closer scrutiny and checks of the type of mineral matter. This ap-
proach provides a better approximation, giving us more information because actual
accurate oxygen determination in coal ash furnishes us with an exact sum of the
cations plus sulfur and chlorine in that ash. This means that better and more
meaningful summations will result. This work is in progress.

Thirdly, to proceed further toward yet better stoichiometric balance, one can
either calculate the mineral matter by the Parr formula (21), or better, by the
King (22) formula as stated above. For this, however, one needs to determine total
sulfur in coal in the first case, and an analysis for pyrite sulfur, CO,, C1, and
S0s in coal, and SOs in ash and, if the content of kaolinite, pyrite and Si0, is
to be calculated, also an analysis of ash for Al1,0,, Si0,, and S.

Because such a chemical approach is time consuming, and not entirely satisfac-
tory, one may for our purposes better determine the Mineral Matter by preparing
the so-called Low Temperature Ash (LTA) from the coal as proposed.by Gluskoter in
1965 (23) and used by O'Gorman and Walker in 1971 (24) and further refined by
Fraser and Belcher in 1972 (25) and Kinson and Belcher in 1975 (26). This method
consists of radio frequency ashing of coal at temperatures of 1000 to 150°C and
appears to give results which are perhaps the closest approximation to the true
Mineral Matter in coal on "As Received” or "Dry” basis. Mineralogy of LTA ash has
been recently (1976) studied by Mitchell and Gluskoter (27). An analysis of oxygen
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in Low Temperature Ash has been performed by us on two samples (13), however, so
far we have not been able to obtain the corresponding coals. 1In sulfide rich
coals, since pyrite is not oxidized during LTA procedure, the large error caused

in the Oxygen by Difference estimation in all columns for the coals PSOC-325, PSQC-
319, K-54517, in Table 3, would be minimized, if oxygen were determined directly

in LTA ash. A similar approach has been taken by Hamrin, et al in 1975 (7).
Assuming that the minerals in coal are not destroyed by radio frequency heating,
this approach if combined with oxygen analysis in coal on "As Received" and "Oven
Dried" basis as done by us may be the best way of determining the true "Organic
Oxygen" in coal. We are now installing the necessary equipment in order to be able
.to further investigate this question.

Given and Yarzab (pp. 31-33) (5) have in 1976 emphasized the inadequacy of
the ASTM Standard D 3180 reporting in sulfur-and mineral-matter-rich coals and
propose the use of the British Standard 1016 Part 16 corrected procedure which
distinguishes organic sulfur and recalculates the percentage of pyrite in mineral
matter based on the pyrite sulfur. This is a better approach stoichiometrically
as can be seen from the comparison of data given by these authors (ibid p.32)."

We have used at this stage the ASTM Method (see Table 3) which reports the total
sulfur subtracting it from hundred on the "Dry" basis. We find that the "Oxygen

by Difference" value if calculated by the British Standard Method adopted by the
Pennsylvania State University agrees indeed much better with our determined values
for oxygen. Therefore, where data on the type of sulfur were available, we have
distinguished organic sulfur and included it in the DAF column, but have excluded
the sulfate and pyrite sulfur in coal. We realize that even this approach is not
fully satisfactory and intend to introduce the exact procedure recommended by Given.

In Table 3 we have compiled our data based on Pennstate data on DAF basis.
Twenty-five analyses of coals not reported by us elsewhere are given. The coals
are plotted in sequence based on increasing Fixed Carbon content. "To save space,
information on Moisture as originally reported, and as determined by us, as well
as the percent Ash as reported on "As Received" basis are given in parentheses
under Proximate Analysis, but do not figure in summations. These data permit the
reader familiar with coal analysis and classification to make meaningful compari-
sons. The varying ash content is also an important criterion of accuracy expected
in comparison of "oxygen by difference" with actual "oxygen determined", especial-
1y in sulfur-rich coals. In the Ultimate Analysis columns "Other Sulfur" when
available is given also in parentheses, but not summed, because, as one can see
in coals PSOC-325, K-54517, PSOC-137 and PSOC-319, our method permits one to
estimate the approximate sulfur content based on summations. Note the retention
of sulfur in carbonate-rich coal's ash (13).

It can be seen that "oxygen by difference" on DAF basis agrees reasonably well
with determined oxygen in all coals that do not contain sulfur. - Coals with high
ash content but low sulfur also tend to balance reasonably well (see PS0C-106).
Low ash coals in general give better summations (as expected) than high ash coals.
The presence of high sulfur masks the effect of high ash and causes low summations
if oxygen is determined. Good agreement between "oxygen by difference" and deter-
mined oxygen for "As Received" and "Dried" coal seems to indicate a well balanced
analysis and minimal oxidation effects upon drying. Differences in the two deter-
mined oxygen categories tend to be mostly due to oxidation and evolution of other
gases than H,0, and, therefore, also point toward an erroneous Moisture determina-
tion due to the canceling effect of oxidation when based on weight loss.

The data on sulfur-rich coals seem to indicate that much of the sulfur, even
though reported as "other" or "sulfide" sulfur is in some way bound to the coal
molecule with the sulfur replacing oxygen. A part of the "inorganic sulfur"
appears to compete for oxygen sites in coal in some way because all sulfur-rich
coals analyzed show relatively much lower determined oxygen concentration in the
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DAF column than other normal coals. Thus, our method when further developed may
help to evaluate the role of "Organic Oxygen" and "Organic Sulfur" in coal. We
have started recalculations based on the Parr formula and the King formula to
simulate the mineral matter closer in order to correct the DAF column for the ef-
fect of the additional oxygen associated with the hydrated portion of minerals.
Such correction increases the proportion of C and N, and decreases somewhat the
oxygen by difference values (as well as hydrogen). When this is done, more ac-
curate "Sulfur by Difference" values can then be estimated from summations in
Table 3. Thus, accurate oxygen determination permits us to estimate approximately
the total sulfur when other components routinely determined in coal analysis are
known. Oxygen determination in ash also aids in this case substantially, because
if it is lower than the regular content (46 + 2% 0) considerable sulfur or heavy
constituents in ash may be indicated.

This work is supported by Contract E{04-3)-34-241 and E(11-1)-2898, U.S.
Energy Research and Development Administration.
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